Escherichia coli 4.5S RNA is a structural homolog of the 7S RNA of the mammalian signal recognition particle (12) and is essential for cell growth (4) . This 4.5S RNA exists both free and complexed with the Ffh protein, a homolog of the 54-kDa signal recognition particle protein (3, 11, 13) . Recently, the Ffh protein was reported to be required for efficient protein secretion (10), implying that 4.5S RNA participates in protein secretion. However, genetic analyses of 4.5S RNA have only identified a role in protein synthesis (2) .
When the gene for 4.5S RNA (ffs) is placed under control of the lac operator, the intracellular pool of 4.5S RNA can be modulated by varying the external concentration of the inducer isopropyl-p-D-thiogalactopyranoside (IPTG) . The bacteria cease to grow after depletion of 4.5S RNA (4) . Such strains have been used in both genetic (2) and physiological (1) experiments to characterize the function of 4.5S RNA. Suppressor mutations reducing the 4.5S RNA requirement all reside in genes whose products participate in or modulate the rate of ribosomal translocation (2) , indicating that 4.5S RNA acts during this portion of the ribosome cycle. The physiological experiments examined the intracellular changes in protein synthesis following removal of the inducer (1) . These studies revealed a strong induction of the heat shock response which could obscure the underlying changes that may have induced it. The heat shock response was also observed following expression of a mutant form of 4.5S RNA (11). To probe these underlying changes, we constructed a strain (S1790) that bears the lacO-ffs fusion and lacks the gene that encodes the heat shock sigma factor (rpoH) (17 Fig. 1 ). After the chase, 25 [L1 of chloramphenicol (100 mg/ml) was added and the samples were examined by two-dimensional (2D) gel electrophoresis (8) .
The positions of the precursors were ascertained as follows. All precursors were seen only when short chase times were used and disappeared with increasing chase times, and the MalE and LamB precursors were specific for maltose medium. The LamB precursor was furthermore observed by maxicell analysis of cells carrying lamB plasmid pAMI 17 (6 (14) . RESULTS Effect of 4.5S RNA depletion on the synthesis of individual proteins. Strains in which the only source of 4.5S RNA is a lacO-ffs fusion normally require a lac inducer for growth, as does the A.poH mutant strain described here. In fact, the ArpoH mutant strain requires a higher concentration of IPTG than does the isogenic rpoH+ strain to grow at the normal rate (data not shown). We therefore suggest that the ability to mount a heat shock response counteracts the deleterious effects of a reduced 4.5S RNA concentration.
The time at which protein synthesis decreases is the same as that at which growth is being inhibited by 4.5S RNA depletion (Fig. 1) . As Fig. 1) ; B, same as panel A but with 10-min chase; C, same as panel A but with 60-min chase; D, culture without IPTG pulsed for 2 min and chased for 2 min (arrow 2 in Fig. 1 ); E, same as panel D but with 10-min chase; F, same as panel D but with 60-min chase; G, culture without IPTG pulsed for 2 min and chased for 2 min (arrow 3 in Fig. 1); H (Fig. 2) . In the absence of a heat shock response, the differential expression of proteins directly affected by 4.5S RNA depletion may be observed. It can be seen in Fig. 2C and F that even when the concentration of 4.5S RNA had been reduced sufficiently to inhibit growth and limit protein accumulation to 65% of the rate before growth inhibition (Fig. 1) , relative expression of the individual proteins in the ArpoH mutant strain was unaffected, except for that of one unidentified protein, indicated by an arrow in Fig. 2C , F, and I. Except for this protein, all of the proteins were equally affected: no subset was more severely inhibited than the others, no subset became overexpressed relative to the others, and no new proteins representing precursors of secreted proteins accumulated. Since the synthesis of all the proteins was equally affected, we concluded that the predominant role for 4.5S RNA is in general translation. For up to 1 generation time following the onset of translation inhibition, no effect on the processing of the precursors of the OmpC and OmpF proteins was observed (Fig. 2) . Both for the culture with IPTG (arrow 1 in Fig. 1 ) and for the first time of labeling of the culture without IPTG (arrow 2 in Fig. 1 ), the precursors of OmpC and OmpF were seen after the 2-min chase ( Fig. 2A and D) but not after the 10-min chase ( Fig. 2B and E; see also Fig. 3 ). After longer periods of 4.5S RNA starvation, the precursors to OmpC and OmpF were processed more slowly (Fig. 2G, H , and I). At this point, proteins accumulated at only 35% of the rate preceding translation inhibition.
To be able to compare our experiment with other published results (7, 10, 11, 13), we performed similar experiments with cells grown in maltose medium to analyze the effect of 4.5S RNA starvation on the processing of the MalE and LamB precursors. In these experiments, cells were labeled at the same time relative to growth inhibition as in Fig. 2 . In the first experiment, a 2-min pulse followed by a 2-or 10-min chase was used. The kinetics of processing of the LamB, MalE, and OmpF precursors are shown in Fig. 3 , but here the LamB precursor was not separated clearly from a neighboring spot. In the next experiment (Fig. 4) , we therefore separated the proteins more in the second dimension and also used a 1-min pulse followed by chase periods of 1 and 5 min. In both Fig. 3 and 4, no influence of the 4.5S RNA concentration on the processing of the MalE, LamB, or OmpF protein was observed either 1 generation time after growth inhibition (panels A to D in Fig. 3 and 4) or after 4.5S RNA starvation for twice as long (panels E and F). This is different from the experiments shown in Fig. 2 , and we suggest that this variation of a processing defect late in starvation is due to different growth conditions. Eflect of 4.5S RNA depletion on the peptide elongation rate. The rate of protein synthesis is determined by both the number of ribosomes engaged in translation and the peptide elongation rate. Depletion of 4.5S RNA might affect both. To discriminate between these two mechanisms, we measured the translation elongation rate during lack of 4.5S RNA by the previously described method (14) . This method is independent of the expression level and therefore also of such factors as the proportion of cells retaining viability. As seen in Table 1 , we found that the rate at which the peptides were elongated was reduced following 4.5S RNA depletion. By use of the same method as we use here, it was previously shown that the peptide elongation rate varies for individual mRNAs (9) 4 .5S RNA, shown by 2D gels. Molecular weight decreases downwards, and the most acidic proteins are to the right. Protein numbering: 1, LamB; 2, MalE; 3, OmpF. The precursors are more basic than the processed proteins and have higher molecular weights. Panels: A, culture with IPTG pulsed for 2 min and chased for 2 min; B, same as panel A but with 10-min chase; C, culture without IPTG pulsed for 2 min and chased for 2 min; D, same as panel C but with 10-min chase; E, culture without IPTG (further depletion) pulsed for 2 min and chased for 2 min; and F, same as panel E but with 10-min chase.
synthesis, indicating that other factors also determine the reduction of total protein synthesis.
DISCUSSION
In our studies, we inhibited the synthesis of 4.5S RNA in E. coli and investigated the cellular response when the concentration of 4.5S RNA in the cell decreases because of dilution with new cell material made in the absence of 4.5S RNA synthesis. To observe the effects of 4.5S RNA depletion on protein synthesis and processing rather than the effect of inducing the heat shock proteins, we used a ArpoH mutant strain in which induction of heat shock proteins cannot take place. One class of proteins that are processed from precursors are secreted proteins. Since 4.5S RNA has been proposed to be a component of a signal recognition particle, we examined the processing of secreted proteins. The signal recognition particle secretion pathway utilizes a translational arrest mechanism (15) , but such has not been demonstrated in bacteria. Depletion of 4.5S RNA should, if its role is to arrest the translation of secreted proteins, result in large amounts of precursors being synthesized because synthesis takes place without correct targeting and cleavage of the signal peptide. In the case of LamB, large precursor amounts were observed and seen to be converted to the mature form (Fig. 4) . Except for this precursor, we observed only minute amounts of other precursors, compared with the amounts of their mature forms, even with very short pulses ( Fig. 2 and 3 ). Such individuality in the kinetics of maturation might be expected if secretion followed different pathways (11), but the striking observation from our experiments is that for each precursor examined, the precursor amount was independent of the presence or absence of 4.5S
RNA. Furthermore, with the exception of very severe depletion of 4.5S RNA in glucose medium, the kinetics of conversion were independent of the 4.5S RNA concentration, and our observations therefore fail to support involvement of 4.5S
RNA in secretion of the bacterial proteins that we investigated. (16) . The effects we observed on secretion occurred after an extensive period of translation inhibition and may not reflect processes in viable cells. Also, the change in the kinetics of processing seen in wild-type cells may result from their ability to induce the synthesis of heat shock proteins (11). Furthermore, note that a function for the Ffh-4.5S RNA complex has only been reported with eukaryotic ribosomes (7) 
